city's zoological garden that monkeys have a habit of smelling food before they eat it, and that they dislike food with a bitter taste. Taking advantage of these habits, TANABE, YARITA, IINO, OOSHIMA, and TAKAGI [37] conditioned monkeys to avoid by smell small pieces of bitter bread. Odors were imparted to the pieces of bread by dipping them in any of five different odorous solutions. The odorous substances were diluted to appropriate concentrations (10-3-10-5) in odorless mineral oil.
Monkeys were trained to discriminate bread with a camphor odor and bitter taste from other pieces of bread. In this training we were very careful not to let visual cues aid in the discrimination of the bread pieces; all solutions were colorless and the pieces of bread were made as uniform in size (1 cm cubes) as possible. Using these pieces of bread with different odors, they performed two tests. The "selection from two test" consisted of presenting a monkey with two pieces of bread on a tray. The right and left positions of the two odorous pieces on the Japanese Journal of Physiology C : diagram of orbitofrontal cortex seen from lower front. Numbers from 10 to 14 indicate areas classified by WALKER [40] . Numbers from 1 to 6 and letters from a to h show sites of recording. Hatched area (lateroposterior orbitofrontal area or LPOF) is portion in which evoked potentials were obtained due to stimulation of olfactory bulb (OB) as indicated by arrow and S. D : records obtained at sites indicated in C. Evoked potentials are found from b to g and from 2 to 4. Calibrations are 40 msec and 100 µV. (by courtesy of J. Neurophysiol. 38: 1269 Neurophysiol. 38: -1283 Neurophysiol. 38: (1975 ).
tray were changed according to the Gellerman series. The "one piece test" consisted of presenting a monkey only one odorous piece of bread on a tray, again according to the Gellerman series. After a period of training (usually 7-10 days) the monkeys were able to reject bitter pieces of bread by sniffing alone, ingesting only the non-bitter pieces. In these behavioral studies, 7 conditioned monkeys (M1 to M7) were studied. In the former test, the tray with two pieces was presented 10 times a day for 10 days for each pair of odors, and the number of successful responses was recorded for each pair. In the latter test, 10 trials were repeated 5 days for a total of 50 trials, and the number of successful responses was likewise recorded.
After behavioral tests for the four pairs of odors, small symmetrical regions of the orbitofrontal cortex (OFC) were albated bilaterally. About 2 weeks after the ablations, each monkey underwent the same conditioning procedures for a period longer than the time required for the first conditioning. The tests were then repeated using the above two methods.
After these tests, the brains were removed and the parts ablated were determined precisely: in monkeys M1 and M2, parts of the OFC other than the LPOF were ablated; in M3 the LPOF was destroyed on one side; and in M6 and M7, parts of the dorsal portion of the frontal lobe were removed. Only in M4 and M5 was the LPOF ablated bilaterally. We confirmed that no pathological changes (such as hematoma) had occurred in these monkeys which might have influenced the activities of the olfactory tract, the pyriform cortex, or other regions.
In monkeys M4 and M5, in which the LPOF was completely ablated bilaterally, incidence of incorrect response averaged 66.8 and 62.6 % in the "selection from two test" and 76.1 and 68 % in the "one piece test," respectively. These rates of failure were markedly higher than in the other monkeys, in whom parts of the LPOF had been spared on one or both sides. Consequently, we concluded that lesions of the OFC significantly impaired olfactory discrimination only when the lesions destroyed the LPOF bilaterally.
We thus demonstrated that an olfactory area does exist in the neocortex, and that it is situated in the lateroposterior area of the orbitofrontal cortex.
2. Study on the olfactory pathway to the LPOF Acute experiment. Again using monkeys anesthetized with nembutal, TANABE et al. [37] stimulated the OB electrically and recorded evoked potentials in the LPOF. An electrode was also inserted into the PPF and the medial portion of the amygdala (MA), and an electric current was delivered to coagulate the area. Pulses subsequently delivered to the OB failed to give rise to evoked potentials in the LPOF. This demonstrated the presence of an olfactory pathway from the OB through the PPF-MA to the LPOF in the monkey. If this pathway were to pass through the thalamus, the olfactory nervous system would no longer be considered exceptional but would be similar to the other sensory nervous systems. 3. Search for the other olfactory projection area in the OFC While TANABE et al. [37] were studying olfactory pathways in monkeys, olfactory input to the mediodorsal nucleus of the thalamus (MD) was demonstrated in the cat by MOTOKIZAWA [15] in his laboratory. TANABE et al. [37] had also found such an input in the monkey, as had BENJAMIN and JACKSON [4] in the squirrel monkey.
Acute experiments. Using monkeys anesthetized with nembutal (and ketamine chloride when necessary), YARITA, IINO, TANABE, KOGURE, and TAKAGI [41] sought evoked potentials in the mediodorsal nucleus (MD) of the thalamus in response to single shocks to the OB. These responses were found only in the magnocellular portion of the MD (MDmc). Maintaining the recording electrode at the same position in the MDmc, they then looked for evoked potentials in response to electrically stimulating various sites in Walker's area 13 [39] and its environs in the OFC. With this experiment they could delineate the most likely projection area of MDmc neurons in the OFC. Evoked potentials were detected when the stippled area of the OFC in Fig. 2A was stimulated. This centroposterior portion of the OFC, abbreviated as CPOF, corresponded approximately to Walker's area 13 and to von BONIN and BAILEY'S area FF [5] . Note that this stippled area was located medially and just anteriorly to another olfactory area, the LPOF. It is very possible that these two areas partly overlap, as shown in Fig. 2A .
Search for a transthalamic olfactory pathway
To find out whether or not neurons in the MDmc relay impulses from the OB to the CPOF, single cell activity was recorded extracellulary in the MDmc. YARITA et al. [41] wished to determine whether or not neurons in the MDmc would exhibit orthodromic spike potentials if the OB was stimulated and antidromic spike potentials if the CPOF was stimulated. They had to satisfy three standard neurophysiological criteria to demonstrate that spike potentials elicited by stimulation of the CPOF were antidromic: 1) the latency of the spike potential had to be stable when a stimulus of threshold intensity was applied, 2) one spike potential had to appear for every stimulus shock even when the stimuli were delivered at frequencies beyond 100 Hz, and 3) the spike potential had to pass a collision test with the spike potential originating in the cell soma [8] .
They recorded in total 58 neurons in MDmc that responded to both OB and CPOF stimulation. Among them 20 MDmc neurons satisfied all three criteria. Thus, the antidromic origin of the spike potential elicited by CPOF stimulation was demonstrated. They were then able to assert that some neurons in the MDmc received olfactory afferents from the OB [37] and projected efferent axons Vol. 34, No. 4, 1984 More precise experiments were supposed to be necessary. The hatched area on the left side of CPOF is LPOF, another olfactory area identified by TANABE et al. [34] [35] [36] [37] . B : evoked potentials in MDmc. They were remarkable when stimulation was applied to B-E and c-d in A. C : coronal sections of the frontal lobe at the levels of 1-1, 2-2, 3-3 in A. Dotted are portions, stimulation of which evoked antidromic field potentials in MDmc. In C3, a vertical thick line is a track of a stimulating electrode inserted at C in A. D : evoked potentials recorded at the depths of 14-19 mm from the dorsal surface of the brain, which are indicated by the two dotted lines between C3 and D. Evoked potentials are most remarkable at the depths of 16 and 17 mm. (by courtesy of J. Neurophysiol., 43: 69-85 (1980) 5. Search for olfactory projection areas in the diencephalon Since an olfactory pathway to the LPOF was shown to pass through the area ventral to the thalamus, olfactory projection areas were sought in that area. NAITO, KAWAMURA, and TAKAGI [16] used the HRP technique for this purpose. When HRP was injected in the LPOF, labeled cells were found mainly in the substantia innominata (SI) and in the basal nuclei of the amygdala. Elsewhere, only a few neurons were observed in the lateral hypothalamic area (LHA), corresponding to the results obtained [24] .
In contrast to the electrophysiological findings of TANABE et al. [37] , many labeled cells were also found in the MDmc [16] . When HRP was injected in the CPOF, many more labeled cells were found in the MDmc. This corresponds closely to the electrophysiological finding of the transthalamic olfactory pathway by YARITA et al. [41] . The findings by YARITA et al. [41] suggested that partial overlapping of the LPOF with the CPOF could account for the occurrence of labeled cells in the MDmc when HRP was injected in the LPOF.
From this HRP study, they concluded that olfactory messages were conveyed either indirectly through the SI or directly from the basal nuclei to the LPOF. Although an olfactory pathway through the LHA to the LPOF was suggested by this study, it remains an unproven but possible route to the LPOF.
Study on the olfactory projection to the LHA
The lateral hypothalamus (LHA) greatly influences food intake behavior [14, 19] . Since this behavior is affected by many odors, the author had suspected that olfactory information might reach the LHA. Fiber connections from the olfactory cortices to the LHA through the medial forebrain bundle have in fact been anatomically demonstrated [25, 27] and neural responses to odors have been recorded in the LHA in lower mammals [11, 23, 28, 29] . Olfactory input to the LHA, however, had never been studied electrophysiologically in the old world monkey.
TAZAWA [38] , TAKAGI [33] , and TAZAWA, ONODA, and TAKAGI [39] using the same experimental setup as TANABE et al. [37] and YARITA et al. [41] , studied the responses of the LHA cells to odors. As was shown in the previous studies [11, 23, 28, 29] , many cells were found to respond well to odors. To identify the route of the olfactory pathway to the LHA, they injected HRP into the LHA and found labeled cells in the septum (Spt) and nucleus accumbens (Acc), but never in the prepyriform-amygdaloid area. They regarded this finding as very important, because they had presumed the LHA to have had the same olfactory input as the MDmc and the SI, that is via the prepyriform region and the medial portion of the amygdala (PPF-MA).
OLFACTORY NERVOUS SYSTEM OF MONKEYS 567
The HRP study indicated that olfactory input to the LHA might come via the Spt and Acc. So they applied electric shocks to the OB and looked for evoked potentials in the Spt, Acc, and LHA. They did find evoked responses in each of these three loci, with a relatively long latency in the LHA. When they applied the same electric shock to the OB after destroying the Spt and Acc by electrocoagulation, the evoked potential in the LHA disappeared.
Although their electrophysiological work demonstrated an olfactory pathway to the Spt and Acc, anatomical studies suggested two different possibilities. One was that the medial olfactory tract (MOT) leaves the OB and terminates in the Spt. PEELS [22] stated in his book that this pathway exists only in humans, but the occurrence of such a pathway had not yet been studied or demonstrated in the monkey. The other possibility was a pathway demonstrated in the rat, leaving the OB via the lateral olfactory tract (LOT) and reaches the Spt and probably the Acc through the olfactory tubercle (OTC) [10, 22] . Although we did not know which pathway lay between the OB and the Spt-Acc in the old-world monkey, we did know that the LHA receives olfactory influences through a different route from the olfactory pathways to the neocortical olfactory areas, that is, LPOF and CPOF.
Olfactory nerve pathways in the higher primates and lower mammals
From the results of our electrophysiological and HRP studies in the oldworld monkey, multiple olfactory pathways have been clarified. They are shown in Fig. 3 .
Consequently, the old-world monkey have two neocortical olfactory areas, but is devoid of the vomeronasal organ. On the other hand, only one neocortical Vol. 34, No. 4, 1984 [30] [31] [32] put forward a theory on the olfactory nervous mechanism that mammals can be divided into two groups. One includes the oldworld monkey, higher primates, and man and the other the new-world monkey and lower mammals.
PART 2. STUDIES ON INFORMATION PROCESSING IN THE OLFACTORY AREAS
Odor discriminative mechanisms have been studied in the lower levels of the olfactory nervous system by several investigators. MATHEws [12] extracellularly recorded responses of tortoise olfactory epithelial cells to a number of odors. DUCHAMP, REVIAL, HOLLEY, and MACLEOD [7] and REVIAL, DUCHAMP, and HOLLEY [26] performed similar studies in the frog. They found poor discriminative ability of the olfactory cells in both animals. The same problem was studied by MATHEws [13] in the OB of rats immobilized with flaxedil. He found likewise poor discriminative ability of the cells in the OB.
In the higher olfactory areas, HABERLY [9] studied this problem in the PPF of rats deeply anesthetized with nembutal. He found that among several hundred cells recorded, only 21 responded to odors. CAIN and BINDRA [6] studied the same problem in the amygdala of anesthetized rats and found that no single cell responded differentially to any one odor. These two studies led these investigators to the conclusion that a search for single units in the vertebrate brain that respond exclusively to individual odors would be futile.
Despite these negative results and pessimistic conclusions for finding a discriminative mechanism for odors on a cellular basis, TANABE et al. [36] decided to examine this problem in monkeys.
Selection of eight odors for stimulation
Chiefly based on AMOORE's stereochemical theory [3] , eight odors were selected belonging to 6 classes as follows. Camphoraceous odors : dl-camphor (CM), cineol (CL), and borneol (BL). Ethereal odor: 1,2-dichloroethane (ethylene dichloride) (DE). Burnt odor: methyl cyclopentenolone (CLT). Fruity odor: r-undecalactone (UDL). Pungent odor: isovaleric acid (VA). A conventional odor which had been used by all olfactory physiologists since Lord Adrian : isoamyl acetate (AA). The three camphoraceous chemicals have only minor differences in odor quality. The other 5 odors are all very different from each other in nature.
Studies on anesthetized monkeys
TANABE et al. [35] first attempted to record cellular responses in monkeys anesthetized with nembutal. Spontaneous discharges of 277 cells were recorded, but only 29 cells (10.5 %) responded to odors. The cellular responses were bizarre patterns. Once a spontaneous discharge increased in response to an odor, it usually continued for 5 to 60 sec or even longer. In only 10 % of the neurons did discharges discontinue within 5 sec. Once a spontaneous discharge showed an inhibition pattern in response to an odor, it continued for quite a long time. Since these results seemed very strange, they performed the same experiments in chronically unanesthetized monkeys and compared the results. a) Responses to odors appeared far more frequently (46 out of 119 cells : 38.7%) in unanesthetized monkeys than in anesthetized monkeys (10.5 %).
b) Whereas in the acute experiments half of the cells showed increases in discharge (-type) and the other half inhibition (--type), in the chronic experiments 70.5 % of the cells were -type, 26.9 % -type, and 2.6% mixed type (a decrease followed by an increase in the firing rate). Thus, the response types were more complicated in unanesthetized monkeys. c) When the number of cells responding to each of the 8 odors was examined in the acute experiments, many cells responded to AA, VA, and DE (9, 7, and 6 cells, respectively), whereas few cells responded to CM, BL, UDL, and CLT (2, 2, 2, and 1 cell, respectively). Thus, the 8 odors could be divided into two groups based on the relative incidence of responding cells. In contrast, in the chronic experiments the 46 cells responded uniformly to all of the odors. They thus realized that the responses of cells to odors should be studied in unanesthetized animals.
d) In the acute experiments, about 80% of the cells continued their spike discharges for 5 to 20 sec once they had been stimulated; 10% of the cells continued their discharges for longer than 60 sec, while only 10% ceased discharging within 5 sec. In the chronic experiments, however, about half of the cells stopped discharging within 5 sec and some 80% of the cells did so in less than 10 sec. Cellular responses to odors could clearly differ, depending upon whether the animals were anesthetized or not. Earlier work [e.g., Refs. 6 and 9] thus could not be regarded as reliable, and TANABE et al. [36] decided to continue their work in unanesthetized animals.
3. Studies on unanesthetized monkeys TANABE, IINO, and TAKAGI [36] fixed a metal cylinder onto the skull and mounted an Evarts-type micromanipulator on it. The responses of the LPOF neurons were recorded, while odors were puffed one after another, with adequate pauses, into the nostrils through individual Teflon tubes.
They examined responses of 44 neurons in the LPOF, and found that 22 neurons responded to only one odor. Among them, 15 cells had excitatory (type) responses and 7 cells inhibitory (-type) responses. Each of these responses was differential to only one odor. The remaining 22 neurons had simple or mixed responses to 2, 3, or 4 odors. Using the same method, neuronal responses to the 8 odors were examined in the PPF, MA, OB, CPOF, MDmc, and LHA. All of the results are summarized and shown as histograms in Fig. 4 . In the OB, 65.5 % of the neurons examined responded to 3, 4, or 5 odors. In the PPF-MA, 71.3 % of the neurons responded to 2, 3, or 4 odors. In contrast to these two areas, the number of neurons responding to only one odor was as high as 50% in the LPOF, while the numbers of LPOF neurons responding to 2, 3, and 4 odors decreased successively. No neurons responded to more than 4 odors. When these histograms are compared, it is clear that the ability to discriminate odors improves slightly as one ascends from the OB to the PPF-MA, but the improvement is marked in the LPOF.
Neurons in the MDmc and CPOF, on the other hand, showed entirely different response patterns. It is quite remarkable that the responses in two adjacent areas, LPOF and CPOF, should differ so greatly. The author may observe that the LPOF functions in odor discrimination, while the CPOF integrates odor sensations.
Also noteworthy was that neurons in the LHA showed practically the same response pattern as those in the LPOF. These discriminative response patterns may play important roles in food intake and other behavior.
SUMMARY
This paper reviews work on olfactory function performed in the author's laboratory over the last 10 years. The following aspects of this work are covered.
Neocortical olfactory areas were studied in old world monkeys. Olfactory responses were found in the lateroposterior and centroposterior portions of the orbitofrontal cortex (LPOF and CPOF). The routes of the olfactory nerve pathways to the LPOF and the CPOF were examined. An olfactory pathway to the lateral hypothalamic area (LHA) was also studied. Using unanesthetized monkeys, information processing of odors was studied in the OB, PPF-MA, LPOF, MDmc, CPOF, and LHA. In the LPOF and LHA, half or more of the cells responded differentially to one odor. We have thus been able to clearly demonstrate discrimination of odors at the cell level in these areas. The author wishes to express his sincere thanks to Ms. T. Wada for typing the manuscript and to Ms. T. Yajima for drawing figures.
